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Significant progresses have beenmade in the design, synthesis, modeling and in vitro testing of channel-forming
peptides derived from the second transmembrane domain of the α-subunit of the glycine receptor (GlyR). The
latest designs, including p22 (KKKKP ARVGL GITTV LTMTT QS), are highly soluble in water with minimal aggre-
gation propensity and insert efficiently into cell membranes to form highly conductive ion channels. The last ob-
stacle to a potential lead sequence for channel replacement treatment of CF patients is achieving adequate
chloride selectivity.Wehave performed free energy simulation to analyze the conductance and charge selectivity
of M2GlyR-derived synthetic channels. The results reveal that the pentameric p22 pore is non-selective. Moder-
ate barriers for permeation of both K+ and Cl− are dominated by the desolvation cost. Despite previous evidence
suggesting a potential role of threonine side chains in anion selectivity, thehydroxyl group is not a good surrogate
of water for coordinating these ions. We have also tested initial ideas of introducing additional rings of positive
changes to various positions along the pore to increase anion selectivity. The results support the feasibility of
achieving anion selectivity by modifying the electrostatic properties of the pore, but at the same time suggest
that the peptide assembly and pore topologymay also be dramatically modified, which could abolish the effects
of modified electrostatics on anion selectivity. This was confirmed by subsequent two-electrode voltage clamp
measurements showing that none of the tested mono-, di- and tri-Dap substituted sequences was selective.
The current study thus highlights the importance of controlling channel topology besidesmodifying pore electro-
statics for achieving anion selectivity. Several strategies are nowbeing explored in our continued efforts to design
an anion selective peptide channel with suitable biophysical, physiological and pharmacological properties as a
potential treatment modality for channel replacement therapy. This article is part of a Special Issue entitled:
Interfacially Active Peptides and Proteins. Guest Editors: William C. Wimley and Kalina Hristova.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ion channels regulate themovement of charged species through cel-
lular membranes and play central roles in communication between a
cell and its environment [1,2]. Defective ion channels are frequently im-
plicated in human diseases including diabetes, cystic fibrosis (CF) and
Alzheimer's dementia [3–5]. For example, mutations in the cystic fibro-
sis transmembrane conductance regulator (CFTR) protein lead to im-
paired channel activity and abnormal epithelial electrolyte transport,
which in turn result in accumulation of mucus that underlies the key
clinical manifestations of CF such as airway inflammation and bacterial
infection [6]. Synthetic channel-forming peptides, especially those de-
rived from transmembrane (TM) segments of biological channel
lly Active Peptides and Proteins.
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proteins, have provided excellentmodels for understanding ion channel
structure and function with small system sizes and more accessible
biophysical properties [7–10]. These synthetic peptide channels also
provide a promising option for channel replacement treatment of dis-
eases caused by defective channel proteins [11–13]. A particularly desir-
able strategy is to deliver a soluble surface-active peptide to the apical
surface of effected epithelia, which then spontaneously inserts into the
cell membrane and forms ion-conducting pores. For this, an optimal
peptide sequence should be highly soluble in aqueous solution with
minimal aggregation tendency. Specifically for restoring chloride con-
ductance for CF patients, the synthetic peptide channel needs to provide
high anion conduction rates togetherwith adequate chloride selectivity.

Previous studies showed that the second TM domain of the α1-sub-
unit of the glycine receptor (M2GlyR: P ARVGL GITTV LTMTTQSSGS RA)
could self assemble to form homo anion-selective channels in phospho-
lipid bilayers and cellular membranes [8,9]. Numerous modifications
have since been made to the original 23-amino acid sequence to in-
crease aqueous solubility, suppress aggregation propensity, and en-
hance insertion efficiency and ion conductance [13–20]. Interestingly,
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these M2GlyR-derived peptides do not appear to trigger immune or in-
flammatory responses at clinically relevant doses [21]. A leading candi-
date for replacing CFTR channels identified through these studies is p22
(KKKKPARVGLGITTV LTMTTQS). The poly-lysineN-terminus increases
the aqueous solubility ~10-fold and also ensures the uniformity
of membrane insertion (C-terminus first) [13]. Truncation of the five
C-terminal residues (SGSRA) significantly reduces peptide oligomeriza-
tion and aggregation in the aqueous phase without compromising the
channel activity compared to the full-length version [16]. Replacement
of Ser22 with a membrane anchoring tryptophan (p22-S22W) further
suppresses non-productive aqueous solution assemblies and reduces
thepeptide concentration required formaximal channel activity. For ex-
ample, p22-S22W requires only K1/2 ~ 46 μMto reach the one-half of the
maximum short-circuit current Imax across Madin–Darby canine kidney
(MDCK) epithelial monolayers, compared to that of K1/2 ~ 210 μM for
p22. However, p22-S22W is about 50% less conductive than p22, reduc-
ing Imax from ~23.7 μA cm−2 to ~13.0 μA cm−2. We have previously
combined solution NMR andmolecular modeling to construct atomistic
structural models of the pentameric channels of p22 and p22-S22W
[19] (also see Fig. 1). Atomistic molecular dynamics (MD) simulations
in POPC bilayers suggest that themembrane-anchoring tryptophan res-
idues not only rigidify thewhole channel, suggesting increased stability,
but also reduce the pore opening, consistent with lower measured con-
ductance. The same structural model was later used to predict the pore
structural features of another mutated sequence, p22-T19R, S22W,
based on more extensive MD simulations up to 200 ns in length [20].
The results proved fully consistentwith parallel NMR, cysteine scanning
and other biophysical characterizations and further established that the
pore most likely involved left-handed helix assembly similar to what
was observed in all available crystal structures of cys-loop ligand-
gated channels [22–24]. The success of simulation in recapitulating
non-trivial functional differences between p22 and its amino acid re-
placement variants provides an important validation of the pentameric
channel structural model.

One of the key remaining barriers to having a lead peptide for poten-
tial clinical testing for CFTR channel replacement therapy is a lack of suf-
ficient anion selectivity. The original M2GlyR 23-residue peptide was
estimated to be 85% anion selective based on single-channel currents
Fig. 1. Initial conformations of umbrella sampling simulations. The pentameric p22 pore is
represented using cartoon, with the oligo-lysine C-terminal tail shown in sticks. The POPC
lipids are shown in thin sticks and only the oxygen atoms ofwatermolecules are shown as
red dots. Cl− and K+ ions are shown as green and blue spheres, respectively. The initial
placements of a selectedCl− for all 61 umbrella-samplingwindows are overlaid on the ini-
tial conformation for the z = −30 Å window and then shown as red spheres.
measured in POPE/POPC membranes [9]. Replacement of both Arg resi-
dues in the original sequence with Glu converted the channel to be 84%
cation selective [9], suggesting an essential role of electrostatics in de-
termining charge selectivity. The C-terminal truncation introduced in
p22 and its mutants is necessary to suppress oligomerization and
lowers the active concentrations, but also removes the key C-terminal
Arg responsible for anion selectivity. Early whole-cell patch clamp
experiment using a human colonic carcinoma cell line (HT-29) indicat-
ed that p22 and p22-T19R, S22W should retain substantial anion
permselectivity, albeit weaker compared to the original sequence [18].
However, experimental difficulties associated with spontaneous inser-
tion of M2GlyR-derived peptides into artificial phospholipid bilayers
have so far prevented quantification of charge selectivity of the assem-
bled pores (even though most M2GlyR-derived peptides do insert effi-
ciently into cell membranes). In our previous simulations of the p22
and p22-S22W pentameric pores, we observed that Cl− ions remain
highly solvated and coordinated with pore-lining threonine side-
chains (particularly Thr13 and Thr17) for substantial times (~1 ns)
during spontaneous transport [19]. Previous studies have suggested
that –OH group preferably stabilizes Cl− with respect to Na+ and K+

[25–27], even though threonine side chains have received little atten-
tion as a possible contributing factor in anion selective protein channels.
In this work, we preformed free energy simulations and analysis to test
the hypothesis that rapid reversible binding of Cl− to one or more
threonine hydroxyls can contribute to anion selectivity of the p22
pore. We also performed computational mutagenesis and MD simula-
tions as initial tests of several possible newdesigns that aim tomodulate
the electrostatic properties of the pore to achieve anion selectivity.

2. Materials and methods

2.1. Umbrella sampling and analysis

Atomistic structural models of p22 and p22-S22W channels were
previously constructed by combining information from solution NMR,
biophysical data on the oligomeric state and pore-lining residues, and
molecular modeling [28]. These models provided a structural basis for
several key functional consequences of introducing a single C-terminal
tryptophan, in particular, the observation that a significant increase in
the apparent stability of the p22-S22W pore was accompanied
with nearly 50% reduction in conductance. Umbrella sampling was
used to calculate the potentials ofmean force (PMFs) of Cl− andK+ per-
meation through the p22 channel model [29–31]. Harmonic restraint
potentials were placed on a single selected Cl− or K+ ions, centered at
every 1.0 Å along the membrane normal (z axis) with a force constant
5.0 kcal/mol/Å2. A weak flat-bottom cylindrical restraintwith an 8 Å ra-
dius was imposed on the selected ion to restrict lateral displacement
outside of the pore [30,31]. The initial conformations for all umbrella
windows were generated using short steered molecular dynamics
(MD) simulations initiated from the equilibrated channel model struc-
ture from our previous work [28]. The total number of windows was
61, covering z = −30 to 30 Å (with respect to the center of the mass
of the pore). As illustrated in Fig. 1, each initial conformation contains
106 POPC lipids, 5367 water molecules, 40 Cl− ions and 10 K+ ions in
a rectangular box of ~66 × 66 × 71 Å3. The effective ion concentration
is ~50 mM. All simulations were performed using CHARMM [32,33] in
the param22 all-atom force field with CMAP [34–36]. SHAKE [37] was
used to constrain the length of hydrogen-attaching bonds to allow for
a 2 femtosecond dynamic time step. Particle Mesh Ewald (PME) [38]
was used for treatment of long-range electrostatic interactions, and
van der Waals interactions were smoothly switched off between 10
and 12 Å. Constant temperature and pressure (NPT) simulations were
performed at 300 K and 1 atmospheric pressure. The length of sampling
for each umbrella windowwas 1.0 ns, which has proven to be sufficient
for achieving excellent convergence in previous PMF calculations of ion
permeation through small channels [30,31].



Fig. 2. Free energy profiles as calculated from A) umbrella sampling and B) equilibrium
simulations. The thick lines were computed using all data (1 ns per window in umbrella
sampling and 20 ns in equilibrium simulation), and the thin dashed lines were computed
using only the secondhalf of the data. The equilibrium free energy profileswere converted
from the probability distributions of finding either K+ or Cl− within the 8 Å-radius cylin-
der centered at the center of mass of the pore. z is the displacement from the center of the
mass of the pore along the membrane normal.

Fig. 3. Probabilities of finding multiple ions within the 8 Å-radius cylinder centered at the
pore center of mass as a function of the z displacement. These probabilities were derived
from the 20-ns equilibrium simulation trajectory [28]. Two or more ions were considered
to be occupying the same xy-plane if their separation along z-axis was no bigger than
0.5 Å. The probabilities of more than double K+ or triple Cl− occupancy were small and
thus not shown.
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The single-ion PMF was first calculated from the umbrella sampling
trajectories usingWHAM [39]. The convergence was examined by com-
paring the results calculated from the second half and all data. The
single-ion PMF calculated from umbrella sampling is only valid for
pore regions with single-ion occupancy. The single-ion pore region
was determined by analyzing the distributions of single and multiple-
ion occupancy during the previous 20-ns equilibrium simulation [28].
The overall PMFs of ion permeation through the pore were constructed
by blending the profiles derived from umbrella sampling and equilibri-
um simulation using linear interpolation [30,31]. The conductance and
charge selectivity were analyzed based on the overall PMFs of ion per-
meation. The diffusion constants of ions in bulk water were computed
from the 20-ns equilibrium simulation trajectory. Coordinating water
molecules and threonine hydroxyls for K+ and Cl− were identified as
those with ion-oxygen distances no greater than 3.5 Å. The 3.5 Å cutoff
distance was identified by examining the ion-water oxygen radial dis-
tribution functions, which approximately corresponds to the minimum
between the first and second solvation peaks (data not shown).

2.2. MD simulations of mutated channels

Additional equilibrium simulations were performed to investigate
the structural and functional consequences of introducing positive
charged residues near the narrower C-terminal region of the pore. To
facilitate later experimental testing, these mutations were introduced
based on the more stable p22-S22W sequence. The first substituted
sequence, p22-T19R, S22W, replaced the pore-lining Thr19 with Arg
(referred to as p1130 hereafter). Three additional sequences were in-
vestigated where smaller diaminopropionic acid (Dap) was introduced
to the narrowest regions of the pore, at either Thr13 or Thr17 position,
including p1130-T17Dap, p1130-T13Dap, T17Dap and p1130-T13Dap,
T20Dap. The initial conformations for all four mutated pores were first
built based the equilibratedp22-S22Wpore structure fromour previous
work [28]. Multiple stages of energy minimization and restrained mo-
lecular dynamics were then performed to gradually equilibrate the
pore structures, during which various restraints were applied to select-
ed atoms and with gradually decreasing restraint strength [40]. Details
of the equilibration protocol can be found in our previous work [28].
Once properly equilibrated, 20 ns NPT simulations were performed for
eachmutated pore in CHARMM,with the same setup as used in umbrel-
la sampling (see above). The equilibrium simulations suggested that in-
corporation of rings of charges, especially the Dapmutants, significantly
enhances spontaneous Cl− permeation through the pore while main-
taining large barriers for K+ permeation. This allows well-converged
free energy profiles of Cl− permeation to be calculated directly from
the equilibrium sampling for testing the effects of electrostatic muta-
tions for enhancing charge selectivity. Therefore,more rigorous umbrel-
la sampling was not performed.

3. Results and discussion

3.1. PMFs of ion permeation

Fig. 2 examines the convergence of the single-ion PMFs calculated
WHAManalysis of umbrella sampling simulations aswell as the equilib-
rium PMFs derived directly from the 20-ns unbiased simulation. A first
indication of the well-converged nature of the single-ion PMFs is mini-
mal baseline distortion and asymmetry (~0.3 kcal/mol) at large |z|
values for K+ permeation (green traces). For Cl− permeation, the
baseline appears distorted and asymmetric at large positive z displace-
ments (red traces). However, examination of the equilibrium PMFs
(Fig. 2B) shows that there is a broad basin for Cl− due to the oligo-
lysine N-terminal tails. Convergence of the PMFs was further examined
by comparing results calculated from all and only the second
half of the 1.0 ns sampling. The results show that the maximum
errors are ~1.0 kcal/mol and ~0.9 kcal/mol for K+ and Cl− PMFs,
respectively. The average deviations between 0.5 and 1 ns PMFs
are only 0.29 kcal/mol and 0.24 kcal/mol for K+ and Cl− PMFs, respec-
tively. The equilibrium PMFs are also very well converged outside the
pore (|z| N 20 Å; see Fig. 2B)

The single-ion PMFs calculated using the umbrella sampling proto-
col (see Materials and methods) are only valid in the pore region that
is almost exclusively occupied by a single ion [30,31]. To identify the
single-ion region, we calculated the probabilities of finding one or
more ions within the 8 Å-radius cylinder centered at the pore center
of mass as a function of z displacement. The results, shown in Fig. 3, re-
veal that the probability of finding two or more K+ is minimal through-
out the box (due to much lower effective K+ concentration). This is
consistent with the observation that the profiles of single-ion and equi-
librium PMFs (Fig. 2A and B) for K+ permeation match well, except in
high free energy regionswith diminishing ion densities sampled during
the unbiased simulation (|z| b 16 Å). However, there are significant
probabilities of double and triple Cl− occupancies near the C-terminal

image of Fig.�2
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Fig. 5. Average numbers of coordinating water molecules and threonine hydroxyls as a
function of z displacement from the pore center of mass. The approximate locations of
rings of threonine hydroxyls are also marked.
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entrance of the pore, due to the presence of positively charged oligo-
lysine tails (green and blue traces in Fig. 3). As a result, the single-ion
PMF for Cl− permeation deviates significantly from the correct PMF de-
rived directly from the bulk ion densities sampled during the unbiased
simulation.

The overall PMFs of ion permeation were constructed by blending
the single-ion and equilibrium PMFs using linear interpolation [31].
Specifically, single-ion PMFswere used for the single occupancy regions
of the pore (−17 to 7 Å for Cl− and−17 to 25 Å for K+). Note that the
range for K+ was chosen to best match the overlapping regions of the
single-ion and equilibrium PMFs. The PMFs linearly switch to the equi-
librium profiles within 2 Å outside of the chosen single occupancy
ranges. As shown in Fig. 4, the locations of themajor free energy barriers
for both K+ and Cl− permeation coincide well with the pore opening
profile. Comparing the overall PMFs of K+ and Cl− permeation, the
main difference is the broad free energy basin near the C-terminal en-
trance of the pore (around z = 10 Å). Another key difference is that
K+ experiences a slightly broader but lower free energy barriers
through the pore, while Cl− permeation is subject to narrower but
steeper barriers. The steeper barrier of Cl− permeation can be apparent-
ly contributed to the large size. The most important observation, how-
ever, is that the pore lining threonine side chains do not appear to
contribute to preferential stabilization of Cl− during permeation, at
least not to a level sufficient to lead to lower permeation free energy
barrier. Fig. 5 analyzes how ions are dehydrated and coordinated by
threonine side chains during permeation. This bulk hydration number,
~6.5, agrees well with previous simulations of bulk 1 M KCl in TIP3P
water [41]. Both K+ and Cl− remain highly solvated during permeation,
losing no more than two coordinating water molecules even at the
narrowest regions of the pore (z ~−10Å). Interestingly, despite the ob-
servation of Cl− pausing for ~1 ns near pore-lining threonines during
spontaneous transport [19], the hydroxyl side chains do not appear to
be a good surrogate of water for coordinating either K+ or Cl−. The
Fig. 4. The pore radius and overall PMFs of K+ and Cl− permeation through themodel p22
pentameric pore. Approximate locations of several key residues are marked. The overall
PMFswere constructed by combining the results from umbrella sampling and equilibrium
simulations using linear interpolation (see Materials and methods). The pore radius pro-
file was computed using HOLE [47].
average hydroxyl coordination number is no more than one even at
the narrowest portion of the pore for both ions, which does not fully
compensate for a loss of ~2 hydration water molecules. Partial
desolvation seems to be the main source of free energy barriers.

3.2. Maximum conductance and charge selectivity

Similar free energy barriers of modest heights observed in the over-
all PMFs for both K+ and Cl− suggest that the p22 pore is unlikely to be
anion selective. To further quantify the charge selectivity of the pore,
we estimated the maximum K+ and Cl− conductance based on the
one-dimensional PMFs,W(z), [42],

gmax ¼ e2

kTL2
L−1

Z
P
D−1 zð ÞeW zð Þ=kT

� �−1
L−1

Z
P
e−W zð Þ=kT

� �−1
; ð1Þ

where e is unit electron charge, k is the Boltzmann constant, T is the
temperature, D(z) is the diffusion constant, and L is the length of the
pore region. Eq. (1) is valid under symmetric concentration baths and
low membrane potential, and has been shown to provide a reasonable
order-of-magnitude estimate of the maximum conductance under
these conditions [43]. Mean square displacement analysis showed that
the diffusion constants were ~1.54 nm2/ns for chloride ions and
~2.09 nm2/ns for potassium ions in TIP3Pwater. The diffusion constants
in the pore region require separation of the local dissipative forces that
underlies diffusional motion of the ions from the average systematic
forces arising from the PMF and harmonic restraint potentials. It has
been previously determined that D(z) is about 2/3 of bulk values within
a narrow gramicidin channel [31]. The same 2/3 scaling down of bulk
diffusion constants was used in the current estimation of maximum
conductance. Taken the pore region to span |z| b 18 Å, the conductance
was estimated to be ~5.2 pS for chloride ions and ~15 pS for potassium
ions. The estimations are generally consistent with the range of
20–50 pS derived from single-channel recordings of related M2GlyR
pores [9,18]. The maximum conductance estimation further supports
that the p22 pentameric pore likely has minimal anion permeation
selectivity, despite existing evidences suggesting a plausible role of
threonine rings in anion selectivity [25–27]. That is, removal of a key
C-terminal arginineduring theC-terminal truncation introduced to sup-
press peptide oligomerization and aggregation in the aqueous phase
also abolishes themodest residual anion selectivity present in the intact
second TM domain of Gly. Mutagenesis studies of the intact GlyR α1

channel further suggest a key role of maintaining a narrow pore besides
electrostatics to support anion selectivity [44]. For example, deleting of
the proline at the N-terminus of the second TMdomain does not direct-
ly change the charge characteristics of the pore but reduces the anion
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selectivity (PCl:PNa) from 27.9 to 3.8 [45], which has been attributed to
an increase in the pore diameter from 5.4 Å to 6.9 Å. The N-terminal
oligo-lysine tail introduced to improve the aqueous solubility also
significantly expands the pore opening at the C-terminus (see
Fig. 4A), which likely diminishes the electrostatic effects of the remain-
ing N-terminal arginine (Arg7) on charge selectivity. Taken together,
changes in both charge characteristics and pore profile likely explain a
lack of anion selectivity predicted from the free energy analysis.

3.3. Charge mutations and anion selectivity

Previous free energy analysis of charge selectivity in Cys-Loop family
channels has suggested that the overall electrostatics and presence of
rings of charged residues near the pore entrance are likely sufficient to
achieve charge electivity [27]. However, the free energy analysis
shows that the oligo-lysine C-termini of the M2GlyR-derived pores do
not appear to be sufficient to achieve anion selectivity, mainly due to
large opening at the N-terminal entrance of the pore. We have thus ex-
plored the idea of placing positive charges in themiddle and narrow re-
gions of the pore through computational mutagenesis. The sequence
p1130 (p22-T19R, S22W) has been previously tested experimentally
and shown to be more conductive and inserts more efficiently into cell
membrane compared to the parent p22-S22W sequence. Incorporation
of additional natural lysine or arginine at other pore-lining positions
(e.g., Thr13 and Thr17) leads to severe steric clash and does not appear
feasible. Therefore, we investigated three additional sequences that in-
corporate smaller non-encoded 2,3-Diaminopropionic acid (Dap) resi-
dues at positions Thr13, Thr17 and/or Thr20, including p1130-T17Dap,
p1130-T13Dap, T17Dap and p1130-T13Dap, T20Dap (see Materials
and methods). In the absence of any experimental knowledge on the
possible topology and oligomeric states of these Dap-substituted
pores, we only tested the structural and functional consequences of
charge mutations in the context of the pentameric pore based on
relatively short 20-ns equilibrium simulations. The results of these
simulations are summarized in Fig. 6. Interestingly, all three pores
(p1130-T17Dap, p1130-T13Dap, T17Dap and p1130-T13Dap, T20Dap)
Fig. 6. Summary of equilibrium simulations of p1130 and several singly and doubly Dap substit
last snapshots shown (top row). The PMFs (bottom row) were converted directly from the equ
converged in equilibrium simulations. The lipidmolecules are not shown in the snapshots for cl
lipid head groups.
appear to be stable throughout the simulation time span, which is
somewhat surprising considering exceedingly high charge density of
the double Dapmutations. Nonetheless, electrostatic repulsion between
positive charges dramatically affected the pore profiles. Introduction of
a Dap substitution at position 17 opens up the C-terminal end, but the
pore appears to be able to compensate by tighter packing of hydropho-
bic residues near position 10. With the double Dap substitutions,
widening of the pore was observed throughout the pore. For all the
Dap-substituted sequence, the occupancy of chloride ions in the pore
is sufficiently high to allow direct calculation of the PMF from these
equilibrium simulations. The results suggest that introduction of posi-
tively charged Dap substitutions could eliminate the free energy bar-
riers of anion permeation, indicating that this may be an effective
approach for achieving high anion conductance and selectivity simulta-
neously inM2GlyR-derived synthetic channels. Furthermore, the results
also suggest that uniform placement of Dap substitutions such as at po-
sitions 13 and 20 might be optimal, providing smooth free energy pro-
files without strong traps or large barriers. On the other hand, the
apparent (and surprising) stability of the charge mutants maybe mis-
leading due to the limited timescale of the test simulations. Particularly
pores with double Dap mutations appear to become so wide that the
helix bundles are no longer tightly packed with few inter-peptide con-
tacts. Previous experimental studies have demonstrated that M2GlyR-
derived peptides likely form dynamic pores with heterogeneous oligo-
meric states [8,9,18]. Therefore, the pentameric assemblymayno longer
be themost stable form of the pore. If higher oligomeric states are more
probable, the pore opening is expected to be larger, which should re-
duce or even abolish the effectiveness of positively charge rings in pro-
viding anion selectivity.

In our most recent studies in Ussing Chambers using MDCK cells as
well as single-channel recordings in Xenopus oocytes testing the Dap
substituted sequences provided unexpected results [46]. All of the test-
ed mono-, di- and tri-Dap substituted sequences induced short-circuit
transepithelial currents when exposed to the apical membrane of
MDCK cells. The sequences containing multiple Dap-substituted
residues induced larger currents than peptides with single or no Dap-
uted sequences. The pore profiles (middle row) were computed using HOLE based on the
ilibrium ion densities. Note that regions with high free energies (e.g., N3 kcal/mol) are not
arity. Green spheres represent Cl− ions and yellow spheres represent phosphorus atoms of

image of Fig.�6
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substitutions, consistent with the simulations showing that charge re-
pulsion greatly increases the pore opening (Fig. 6). Employing two-
electrode voltage clamp electrophysiology on oocytes treated with
p22-T19R, S22W or the Dap-substitutions we observed that the Dap-
substituted sequences induced significantly larger voltage-dependent
currents than the parent compound, but with no apparent change in
the reversal potentials upon replacement of the external Na+, Cl− or
K+. These results indicate that the induced currents remained non-
selective. Combined with the simulation results summarized in Fig. 6,
the interpretation for lack of anion selectivity in these modified
sequences is that introduction of additional rings of positive charges
dramatically shift the oligomeric states of the peptide assembly inmem-
brane and lead to much larger pores. Therefore, one needs to exploit
strategies to control the peptide assembly besides electrostatics to actu-
ally achieve anion selectivity in M2GlyR-derived channels.

4. Conclusions

Significant progresses have been made in designing M2GlyR-
derived channel-forming peptides with drastically improved biophysi-
cal properties and enhanced channel activities [18]. The last obstacle
to a potential lead sequence for channel replacement treatment of CF
patients is achieving adequate chloride selectivity. We have performed
free energy simulation to analyze the conductance and charge selectiv-
ity of M2GlyR-derived synthetic channels. The results reveal that, de-
spite previous evidence suggesting a potential role of threonine side
chains in anion selectivity, the pentameric p22 pore is non-selective.
Moderate barriers for permeation of both K+ and Cl− are dominated
by the desolvation cost and the hydroxyl group is not a good surrogate
of water for coordinating these ions. We have also tested initial ideas of
introducing additional rings of positive changes to various positions
along the pore to increase anion selectivity. The results support the fea-
sibility of achieving anion selectivity by modifying the electrostatic
properties of the pore, but at the same time suggest that the peptide as-
sembly and pore topology may also be dramatically modified. Subse-
quent two-electrode voltage clamp measurements indicate that all
tested mono-, di- and tri-Dap substituted sequences are much more
conductive but none gives rise to anion selectivity. The implication is
that introducing rings of positive charges do lead to higher oligomeric
states and larger pores. The current study thus highlights the impor-
tance of controlling channel topology besides modifying pore electro-
statics for achieving anion selectivity. For this, one may have to exploit
earlier designs with longer sequences that form more tightly packed
pores [16]. Alternatively, one may need to use scaffolds to restrict
oligomer state of the assemble pore [9]. Future experiments are
also planned in which the charge groups are staggered in the pore to
create a cationic pathway without overly concentrating the cationic
residues.
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